Can. Ent. 124: 631-636 (1992) Impact of the flower-and shoot-tip-feeding beetle, Brachypterolus pulicarius (L.), on growth, flowering, and seed production of common toadflax, Linaria vulgaris (L.) Mill., was investigated using potted plants. Brachypterolus pulicarius had no effect on root or shoot biomass of attacked plants. Adult feeding by B. pulicarius delayed onset of flowering by 27 days relative to controls. Flowering of attacked plants was suppressed from mid-June until mid-July, but by mid-August flowering was similar to that of control plants. Total seed weight, individual seed weight, and percentage germination were all reduced significantly on attacked plants, resulting in a 74% reduction in number of viable seeds prtduced. Brachvpternlus pulicarius is univoltine in Alberta.
Introduction
Common toadflax, Linaria vulgaris (L. ) Mill. (Scrophulariaceae), is a European herbaceous perennial weed which has been widely introduced in North America. It spreads rapidly both by seed and creeping roots. Although most seed is deposited within 1.5 m of the parent plant. seed dispersal may be important in colonization of disturbed habitats because of the rapid vegetative growth of seedlings (Nadeau and King 1991) . Toadflax was considered a major weed in western Canada until the late 1950s. after which time it is reported to have declined in importance (Darwent et al. 1975; Harris 1984) . This decline coincided with the spread of two European beetles, Brachypterolus pulicarius L. (Nitidulidae) and Gymnetron antirrhini Paykull (Curculionidae). Both insects feed in the shoot tips and flowers of toadflax, reducing seed production. By 1953, B. pulicarius was widespread in southern Saskatchewan (Harris 1961) and it is now found on virtually every stand of toadflax examined in Alberta (unpublished data). Recently there has been renewed concern over the spread of toadflax into cropland in Alberta; this is thought to be related to the adoption of reduced-tillage farming methods (O'Sullivan et al. 1984; J.T. O'Donovan, pers. comm) . This has led to increased interest in biological control of this weed.
Both B. pulicarius and G . antirrhini now occur throughout the range of common toadflax in Alberta. However, there have been no experimental studies of the impact of either insect on the growth or seed production of toadflax. This study was designed to evaluate the effects of B. pulicarius, which is the more frequent and abundant of the two species in Alberta.
Methods
Toadflax seed was collected from a single plant grown at Vegreville, Alta, in 1988. Seed was sown in the greenhouse in mid-March 1989 and seedlings were transplanted singly to 15-cm-diameter plastic pots. On 29 May 1989,40 plants were placed outdoors in an 8 by 5 array, and each pot was covered with a nylon sleeve cage supported by a wire frame (tomato trellis) about 70 cm high. Mean plant height on this date was 15.9 cm ( + 3.0 SD). Pots were placed on landscape fabric in an attempt to prevent root growth into the soil; however, in many cases roots penetrated the fabric. Plants were watered daily as required and fertilized weekly with liquid 20-20-20 fertilizer.
Experimental design was a randomized complete block with 20 replicates, each block consisting of two adjacent toadflax plants matched for initial height. The blocked design was adopted because a pilot study in 1988 showed flowering date and seed production to be correlated with initial height. On 31 May 1989, 11 unsexed B. pulicarius adults were introduced onto one ("treated") plant within each block, while the other ("control") plant was left uninfested. Adults were collected from toadflax plants in the field at Mannville, Alta, and placed in the experiment on the same day. The plants had a mean of 2.55 ( + 1.65 SD) shoots on this date, giving a mean of about four adult beetles per shoot on the treated plants. Although exact counts of beetles per shoot were not made during the field collection at Mannville, this was within the range of densities found. The sex ratio of B. pulicarius was estimated by dissecting 49 adults from the same population.
All plants were examined daily (until the end of July) or twice weekly (in August) and the number of open flowers recorded. The life-span of individual flowers was not recorded; Arnold (1982) found an average life-span of about 4 days for individual flowers of L. vulgaris. Open flowers were hand pollinated twice weekly with pollen from plants outside the experiment. Toadflax is self-incompatible (Arnold 1982) ; thus cross-pollination was necessary for effects on seed production to be studied. Mature seed capsules were removed as they developed and before dehiscence.
The experiment was terminated on 1 September 1989. Surviving B. pulicarius adults were removed and counted on all plants; because of their small size, no attempt was made to recover dead adults. All seed capsules were removed. The roots were washed, and roots and shoots of each plant were dried and weighed separately. Seed capsules were air-dried and threshed, and the seed lot from each plant was weighed. These seed lots included considerable amounts of chaff which could not be separated from the seeds by threshing. To obtain more accurate estimates of seed weights and numbers, a subsample containing about 100 seeds was taken from each seed lot after mixing thoroughly. The subsample was weighed, and the seeds were separated from the chaff by hand, weighed, and counted. The total seed weight St was then calculated as S, x WJW,, the total number of seeds produced was calculated as N, x SJS,, and individual seed weight was calculated as S,/N,, where W, is the total weight of the seed lot including chaff, W , is the weight of the subsample including chaff, S, is the weight of seeds in the subsample after cleaning, and N, is the number of seeds in the subsample. Percentage germination of seed from each plant was determined by germinating samples of 150 seeds (fewer if plants did not produce 150 seeds) after a wet stratification treatment (Andersen 1968) . Seeds were placed on moist filter paper in Petri dishes, left at 2OC in the dark for 1 week, then transferred to alternating temperatures of 20°C/300C in the dark; germinated seeds were counted 5 days later. "Total flower-days'' were calculated for each plant as the sum of the daily numbers of open flowers over the course of the experiment; numbers of open flowers on days when counts were not made were estimated by interpolation. Flower-days were also calculated separately for each of four periods defined by flushes of flowering (see Table 1 ). Treatment effects were analysed by two-way analysis of variance (treatments and blocks) using the GLM procedure (SAS Institute 1987) for those variables with errors normally distributed. All variables studied were normally distributed, except for total seed weight, total seed number, viable seed number, and flower-days for the first two periods. These could not be transformed to normality and were tested by the Wilcoxon signedranks test (Sokal and Rohlf 1981) , a non-parametric method, using the UNIVARIATE procedure (SAS Institute 1987).
Results

Biology of B. pulicarius.
The 49 adults dissected comprised 26 males and 23 females, a sex ratio not significantly different from 1: 1 (log likelihood ratio test, G = 0.184, p>0.5). No external features or size differences were noted by which adults could be sexed without dissection.
Larvae of B. pulicarius were found feeding in flowers of the treated plants at the end of the experiment, and many mature larvae and pupae also were found in and beneath the pots. Larvae and pupae found in pots were recovered and counted, but as it was not possible to recover all those under the pots and in the soil under the landscape fabric, numbers are not presented here. Pupae made up 68% of the immature stages recovered from pots. Numbers of live adults recovered from treated plants at the end of the experiment ranged from 0 to 6 (mean 1.9). Effect on Host Plant. The mean numbers of flowers per plant on control and treated plants over the course of the experiment are shown in Figure lA , and the mean dates of first flowering are given in Table 1 . Initiation of flowering was delayed on average by 27 days in the treated plants. Four flushes of flowering, the approximate dates of which are indicated in Table 1 , were observed in both treated and control plants. In Figure 1B Flowering was suppressed on the treated plants until mid-July. From this time onward, flower production by the treated plants increased, and by mid-August flower numbers on the treated and control groups were approximately equal. Total weight and number of seeds, individual seed weight, percentage germination, and number of viable seeds were all significantly reduced in the treated plants (Table 1) .
No significant effects of B. pulicarius on dry weight or on the root/shoot ratio were observed (Table 1) . Because roots grew out of many pots through the landscape fabric and into the soil, root biomass in the pots underestimates total root biomass by an unknown amount. At the end of the experiment, there were no obvious visual differences in the growth habit of control and treated plants. However, in the early stages, while flowering was still inhibited on the treated plants, these appeared more profusely branched than the controls.
Discussion
In no case were more adult B. pulicarius recovered from any treated plant than had been originally introduced, suggesting that no new adults emerged over the course of the experiment. Brachypteroluspulicarius therefore appears to be strictly univoltine in Alberta. This agrees with previous observations in Canada (Harris 1961) . Kock (1966) , however, reported two generations in Westphalia, Germany. The preponderance of pupae recovered at the end of the experiment suggests that the insect overwinters mainly in the pupal stage.
The most noticeable effect of B. pulicarius on common toadflax plants in this experiment was the delay and suppression of early-season flowering. Table 1 shows that the first flush of flowering, between 10 June and 5 July, was reduced by 95% on treated plants. The degree of suppression was reduced in each successive flush and was not statistically significant by the fourth flush in late August. This progressive reduction in impact may be due to mortality of the adult beetles over the course of the experiment, or to increasing size, vigour, and number of stems of the plants.
Brachypterolus pulicarius also caused considerable reduction in numbers of seeds produced, and in seed individual weight and viability. Viable seed production on the treated plants was reduced by 74.1%, or by 841 viable seeds per plant, equivalent on a per capita basis to 76.5 viable seeds eliminated per beetle. Reduction in seed number could be due either to inhibition of flowering or to reduced seed set per flower. Because the life-span of individual flowers was not recorded, it was not possible to calculate the total number of flowers produced by a plant over the course of the experiment, and hence the number of seeds set per flower cannot be calculated directly. However, the parameter "flowerdays" can be regarded as a measure of the total flowering effort of each plant, and "number of seeds per flower-day" as a measure of success of seed set. The latter parameter was reduced in treated plants, but not significantly so. In contrast, the number of flower-days was reduced significantly in three out of the four flushes on treated plants. Thus, the primary mechanism of seed reduction by B. pulicarius appears to be the inhibition of earlyseason flowering, although it is possible that reduced seed set per flower also may contribute. This is consistent with the biology of B. pulicarius. Adults feed on shoot tips and developing flowers, and larvae feed on pollen in flowers. No life stage feeds directly on ovules.
Seed viability and individual seed weight were also significantly reduced on treated plants. These appear to be separate effects, because there was no significant correlation between these parameters in either the control or treated groups (for control plants r = 0.121, p = 0.61 1; for treated plants r = 0.009, p = 0.974). The fact that many capsules were clipped while still unripe at the end of the experiment does not seem to have seriously reduced viability, as overall germination levels were similar to those reported for naturally shed seeds by Nadeau and King (1991) after 2 weeks of wet stratification. Because both groups had been flowering at approximately equal rates for 2-3 weeks before the experiment was terminated, any such effect would have been similar in both groups.
A reduction in seed viability due to attack by B. pulicarius would be consistent with the results of Nadeau and King (1991) . They observed reduced viability of seed from fieldgrown plants in a year when there was heavy attack by B. pulicarius and G . antirrhini, compared with the previous year when attack was low. Saner (1991) also reported that attack on L. vulgaris by the root mining moth Eteobalea serratella (Treitschke) (Lepidoptera: Cosmopterigidae) led to a reduction in individual seed weight; he did not measure germination.
No effect of B. pulicarius was observed on overall production or allocation of toadflax biomass in this experiment. This is to be expected as feeding does not directly damage photosynthetic or storage tissue.
The plants in this experiment were harvested on 1 September to avoid loss of seeds through dehiscence of capsules on the plant; it was not found practicable to continue clipping capsules once they began to ripen in large numbers. Toadflax in the field can continue to produce seed until at least late October (Nadeau and King 1991) . It may therefore escape the impact of B. pulicarius to some extent by relying on late-season seed production. The extent of this late-season seed production would depend on the growing conditions and vigour of the plants, and might be reduced by attack by other insects such as G. antirrhini. Saner (1991) reported that, in experiments with potted plants, attack by E. serratella eliminated the late-season flush of seed production by L. vulgaris. If this effect occurs in the field, combined attack by B. pulicarius and E. serratella could be particularly effective at reducing seed production. Eteobalea serratella is currently being reared in Alberta for field release against L. vulgaris (unpublished data).
